Members of the family Gobiidae have an unusual lateral line morphology in which some 14 of the lateral line canal segments do not develop or enclose. This loss of lateral line canal segments 15 is frequently accompanied by proliferation of superficial neuromasts. Although the proliferation 16 of superficial neuromasts forms intricate patterns that have been used as a taxonomic tool to 17 identify individual gobiid species, there has never been a detailed study that has documented the 18 development of the lateral line system in gobies. The Round Goby, Neogobius melanostomus, is 19 the focus of this study because the absence of the lateral line canal segments below the eye are 20 accompanied by numerous transverse rows of superficial neuromasts. Our results suggest that the 21 origin of some of these superficial neuromast lines could be the result of single presumptive canal 22 neuromasts that have proliferated after canal enclosure is arrested. Many of the intricate patterns 23 of neuromasts observed in gobiids develop from a simplified pattern of neuromast that is very 24 similar among different species of gobies. The proliferation of superficial neuromasts has evolved 25 several times in fish families such as the tetras, gobies, and sculpins, and may provide an adaptive 26 advantage to 'tune' the lateral line system for different environments and prey types. 27
posterior to the eye are not neomorphic lines, but in fact arise from precursor neuromasts that seem 36 to be analogous to presumptive canal neuromasts. 37 A prime example of a family with reduced cranial lateral line canal morphology is Gobiidae, 82 (Korn and Bennett, 1975; Webb, 1989; Ahnelt et al., 2000; Ahnelt and Duchkowitsch, 2001; 83 Ahnelt et al., 2004; Bertucci et al., 2012; Langkau et al., 2012) . Gobies are an excellent model 84 organism for evolutionary studies because they are very diverse (over 2000 species) and they 85 occupy a number of different habitats (Ahnelt and Goschl, 2003) . Even within a given geographic 86 area gobies can occupy a number of different habitats ranging from exposed littoral surfaces to 87 swiftly running streams. Not only do gobies have a reduced lateral line canal morphology, which 88 means more of their neuromasts are embedded in the surface of the epidermis (superficial 89 neuromasts) instead of being enclosed in canals (canal neuromasts), there is also a lot of species 90 level variation in the patterns of superficial neuromasts present (Toshiaki J, 1971 ). In fact the 91 diversity in the gobiid lateral line system is so great that it has been used as a taxonomic tool for 92 identifying different species of goby (Sanzo, 1911; Iljin, 1930; Akihito, 1986; Miller, 1986) . 93 Even within populations of the same goby species there can be differences in the lateral line 94 system. Along the west coast of the United States northern populations of the tidewater goby, 95 Eucyclogobius newberryi, have complete canals while more southern populations have greatly 96 reduced canal types (Ahnelt et al., 2004) . Since there is so much variation present in their lateral 97 line morphology in gobiids, we chose a gobiid species that is locally available, the round goby, as 98 a starting point to follow the development of the lateral line system in a fish with the reduced 99 lateral line canal morphology. 100 The round gobies have a reduced canal morphology in which several, but not all, of the cranial 101 lateral line canals fail to enclose. We hypothesize that the development of canal segments that 102 completely enclose will be similar to the development that has been reported in other fishes. By (Coombs et al., 1988) . We hypothesize that in the round goby the superficial neuromasts in regions 116 where canal segments are lacking are homologous to canal neuromasts. It is thought that canal 117 neuromasts do not proliferate after being enclosed in canals, but superficial neuromast proliferation 118 may still occur during the post-embryonic period (Sato, 1955; Peters, 1973; Puzdrowski, 1989 were preserved in Karnovsky's fixative (2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M 144 cacodylate buffer pH 7.4). They were kept at room temperature for several days to facilitate 145 penetration of the fixative and afterwards stored at 4°C. Before they were dehydrated they were 146 rinsed in distilled water. Fish larger than 14 mm SL were cut into sections before they were 147 immersed in 1% osmium tetroxide for 1 hour (Janssen et al., 1987) and dehydrated in a graded 148 ethanol series (50%, 70%, 95%, 100%, 100%) for thirty min for each step (Ahnelt and Bohacek, 149 2004). Samples were placed in an ultrasonic bath for 2 min in 70% ethanol to remove the cupula 150 (Maruska and Tricas, 2004) and critical point dried. They were mounted on an aluminum stub.
151
Samples were then sputter coated with an Emitech K575X sputter coater with either 10 nm iridium 152 or gold coated palladium. They were then viewed on a Hitachi S-4800 FE SEM using the Quartz 153 PCI program. Plates were assembled in photoshop and any measurements taken were done in 
RESULTS:
165 Neuromast identification is based on Ahnelt papers (Sanzo, 1911; Miller, 1986 Fig.1 ). There appears to be a proliferation of neuromasts in gobiids, especially 168 in the regions where canal segments are missing (infraorbital, certain oculoscapular segments, and 169 the supratemporal region). These lines of superficial neuromasts were divided into four major 170 regions such as the mandibular, otic, preopercular, and dorsal regions and are described below.
171
These regions are similar to what has been described in adults in the goby literature, but they do 172 not necessarily reflect the innervation or the developmental origins of specific neuromast lines. 173 We observed that the number of neuromasts in all the major regions of the round goby There is a transverse row (ot) and two longitudinal rows, (os, oi). The ot has neuromasts ranging 218 from 6 (6 mm SL) to 45 (74 mm SL). In the two longitudinal rows, os ranges from 2-21 (6-74 mm 219 SL) whereas oi ranges from 4-18 (6-74 mm SL). In general, there does seem to be an increase in 220 neuromast number within each row with size ( Fig. 3 ). The anterior oculoscapular canal segments (in the supraorbital region) appears to enclose first 244 (around 9 mm SL), followed by the posterior regions (enclosed by ~12 mm SL). The otic region 245 has the anterior most segments enclosed by ~12 mm SL and posterior segments completely 246 enclosed by 14 mm SL, and the preopercular region has one segment enclosed by ~12mm SL and 247 complete enclosure can occur as early as 14.5 mm SL, however there were fish 16 mm SL that 248 only had one preopercular segment enclosed. In the round goby complete canal enclosure occurs 249 in many of the segments of the oculoscapular canal by 27 mm SL. In the preopercular region of 250 the oculoscapular canal there is variation in which canal segments begin to enclose first. Most fish 251 examined had the ventral region enclosing first, but there was one 14mm SL individual that had 252 the dorsal region enclosed first. In the otic region of the oculoscapular canal it appears that the 253 anterior segment (12 mm SL) encloses first followed by the anterior segment and then the posterior 254 most segment (14.5 mm SL). Even if there is a proliferation of neuromasts there may be some advantage to retaining some 298 canal segments. Superficial neuromasts can detect a broad range of hydrodynamic signals, whereas 299 neuromasts enclosed in lateral line canals can filter out the lower frequency environmental 'noise' 300 such as turbulence due to the mechanical properties of the canal (Janssen, 2003) . Since there is 301 more resistance to water movement because of the presence of the canal walls, there is less water 302 movement in the canals at lower frequencies, which means the canals can act as high-pass filters 303 to block out low frequency noise (Janssen, 2003) . At higher frequencies there is less impedance in 304 the canal and the boundary layers take longer to form, thus canals are better at detecting high 305 frequency signals such as those generated by prey, when there is a lot of low frequency background 306 noise in the environment (Janssen, 2003) . This allows for fishes in environments with low 307 frequency noise to detect higher frequency signals such as those generated by prey, thus fishes can 308 have different combinations of superficial and canal neuromasts to detect signals in their 309 environment.
310
Loss of canal segments and the proliferation of superficial neuromasts is common in gobiids 311 as well as other fish taxonomic groups such as the sculpins of Lake Baikal. It is also a common 312 adaptation for fishes that live in caves, such as the Mexican cavefish, as well as those that live in 313 turbid waters such as pirate perch, Aphredoderus sayanus, and many deep-sea fishes. Even within 314 a single taxonomic group there can be drastic modifications in the lateral line system. In the sculpin 315 family Abyssocottidae of Lake Baikal there can be a complete absence of canal segments, that 316 have been replaced with superficial neuromasts on papillae (Sideleva, 1982; Janssen, 2003) . In 317 other cases, the entire canal is not lost, but canal segments are missing, which has been documented 318 in both sculpins and gobies. One example of this occurring in the sculpins is the Anadyr River 319 form of Cottus cognatus, which is missing some of the canal segments that are present in the Lake 320 Michigan population (Sideleva, 1982) . The presence or absence of different canal segments within 321 the same species present in different environments also occurs in Gobiids. The Tidewater goby, 322 Eucyclogobius newberryi, has latitudinal variation in the supraorbital canal morphology with the 323 northern populations with the full lateral line canal system while the southern population has more 324 reduced canals were segments are actually missing (Ahnelt et al., 2004) . Given this information it 325 is likely that canal loss and proliferation of superficial neuromasts present in the adult 326 morphologies could be the result of changes or modifications that occur during development.
327

Canal diversity in gobies 328
In gobies it is common for neuromast proliferation of superficial neuromasts to occur in places 329 were canal segments or entire canals are missing, thus there seems to be a relationship between to be a good diagnostic characteristic for identifying adults, (Toshiaki J, 1971 ) but it maybe a less 398 than reliable characteristic for identifying larvae. Although these patterns have been documented 399 in detail in adults, this is the first study to describe the ontogeny of the superficial neuromasts 400 patterns throughout development.
401
Superficial neuromasts throughout ontogeny 402 We found that a few superficial neuromasts in the round goby are indeed present at hatching Similar to other fishes (Jones and Janssen, 1992; Northcutt, 1997; Tarby and Webb, 2003) , it 413 seems that the superficial neuromasts are ontogenetic precursors of all canal neuromasts in the 414 Round Goby (Webb and Northcutt, 1997) . If this is the case, presumptive canal neuromasts that 415 are stranded, could exhibit the properties of superficial neuromasts, such as neuromast 416 proliferation to form 'stiches' which is present in the round goby.
417
There are a number of superficial neuromasts that could be potential canal neuromast 418 homologues, which result from changes in the timing of canal development (i.e. canal development 419 is halted before the neuromasts completely enclose in canals or before the canal begins to form). 420 We hypothesize that the developmental origins of these single neuromasts in the suborbital region 421 are actually presumptive infraorbital canal neuromasts that are stranded due to the lack of canal 422 formation (Figs 3). We further hypothesize that once these canal neuromasts are stranded they can 423 begin to exhibit the proliferation behavior observed in superficial neuromasts, which leads to the 424 formation of the transverse lines of superficial neuromasts present in the suborbital region of adult 425 Round Gobies.
426
There is further evidence that some of these superficial neuromasts are actually canal 427 homologues. The three major lines of evidence that some of the superficial neuromasts originated 428 from stranded canal neuromasts are 1) in some cases there is still the presence of a groove, 429 indicating canal development was arrested before the canals were completely enclosed and thus 430 by definition are superficial neuromasts, 2) the timing of the first appearance of the parent 431 neuromasts that will give rise to these lines of superficial neuromasts, 3) the size of the neuromast (Lekander, 1949; Disler, 1960) . It is possible that other mechanisms may have formed these lines.
450
There is no clear link to canal neuromasts in that area. Some of the otic lines (x, la) and opercular 
472
This study shows that many of the intricate lines of neuromasts present in adults are not present 473 or are greatly simplified in early larvae which is similar to other fishes (Pichon and Ghysen, 2004) .
474
The Round goby showed dramatic increases in the number of neuromasts present during the larval 475 period (Fig. 2-6 ) and the patterns of superficial neuromasts change throughout development. This 476 means that the lateral line system may not be a good diagnostic characteristic for differentiating 477 an individual species of goby larvae from other species of goby larvae. It is possible that at hatching 478 many species of gobies that have completely different patterns of superficial neuromasts as adults 
